Background: SERT is a target for antidepressants, but little is known about its constitutive cellular trafficking properties. Results: SERT undergoes marked constitutive internalization, and internalized SERT co-localizes primarily with markers of the late endosomal/lysosomal pathway. Conclusion: SERT is primarily sorted to degradation rather than to recycling. Significance: The findings are important for our general understanding of how SERT regulates serotonin signaling.
The serotonin transporter (SERT) plays a critical role in regulating serotonin signaling by mediating reuptake of serotonin from the extracellular space. The molecular and cellular mechanisms controlling SERT levels in the membrane remain poorly understood. To study trafficking of the surface resident SERT, two functional epitope-tagged variants were generated. Fusion of a FLAG-tagged one-transmembrane segment protein Tac to the SERT N terminus generated a transporter with an extracellular epitope suited for trafficking studies (TacSERT). Likewise, a construct with an extracellular antibody epitope was generated by introducing an HA (hemagglutinin) tag in the extracellular loop 2 of SERT (HA-SERT). By using TacSERT and HA-SERT in antibody-based internalization assays, we show that SERT undergoes constitutive internalization in a dynamin-dependent manner. Confocal images of constitutively internalized SERT demonstrated that SERT primarily co-localized with the late endosomal/lysosomal marker Rab7, whereas little co-localization was observed with the Rab11, a marker of the "long loop" recycling pathway. This sorting pattern was distinct from that of a prototypical recycling membrane protein, the ␤ 2 -adrenergic receptor. Furthermore, internalized SERT co-localized with the lysosomal marker LysoTracker and not with transferrin. The sorting pattern was further confirmed by visualizing internalization of SERT using the fluorescent cocaine analog JHC1-64 and by reversible and pulse-chase biotinylation assays showing evidence for lysosomal degradation of the internalized transporter. Finally, we found that SERT internalized in response to stimulation with 12-myristate 13-acetate co-localized primarily with Rab7-and LysoTracker-positive compartments. We con-clude that SERT is constitutively internalized and that the internalized transporter is sorted mainly to degradation.
The serotonin transporter (SERT) 3 is responsible for reuptake of the neurotransmitter serotonin (5-HT) following its release from the presynaptic nerve terminal. SERT plays a major role in regulating serotonergic signaling, and alterations in its function have been linked to several psychiatric disorders such as depression, anxiety, obsessive-compulsive disorder, autism, and alcohol abuse. Furthermore, SERT has been the subject of intensive research efforts as the target for antidepressant drugs such as citalopram (Cipralex/Lexapro) and fluoxetine (Prozac) as well as for psychostimulant drugs such as cocaine and 3,4-methylenedioxymethamphetamine ("Ecstasy") (1) (2) (3) . SERT belongs to the solute carrier (SLC) 6 gene family that also includes transporters for the neurotransmitters dopamine, norepinephrine, glycine, and ␥-aminobutyric acid (GABA) (1) (2) (3) . Members of this family share a predicted structure with 12 transmembrane domains and intracellular N and C termini. This topology was first confirmed by the high resolution crystal structure of the bacterial homolog, LeuT, of the mammalian SLC6 transporters (4) and recently by a high resolution structure of the Drosophila dopamine transporter (5) .
Because of the central role of SERT in maintaining brain 5-HT homeostasis, it is critical to understand the molecular and cellular mechanisms that control the level of SERT protein in the plasma membrane. A well described regulatory mechanism is the effect of phorbol esters, such as phorbol 12-myristate 13-acetate (PMA) on SERT membrane availability. Upon stimulation with PMA, leading to activation of protein kinase C (PKC) as well as other kinases, SERT undergoes marked inter-nalization (6, 7) . The effect of phorbol ester stimulation on transporter surface expression seems to be a common regulatory mechanism for the SLC6 family (3) . In addition, a range of additional kinases, various interacting proteins, as well as substrates and inhibitors has been found to regulate SLC6 neurotransmitter transporter internalization (1, 3, 8, 9) . Interestingly, some SLC6 family members, e.g. the dopamine transporter (DAT) and the glycine transporter 2 (GLYT2), were found also to undergo a marked constitutive internalization (10 -12) .
A major and yet not fully resolved question is the fate of the SLC6 transporters following both regulated and constitutive internalization. Indeed, internalization serves an important role in sorting different membrane proteins to different cellular destinations. Some membrane proteins such as the transferrin receptor and the G-protein-coupled ␤ 2 -adrenergic receptor are efficiently recycled back to the plasma membrane upon constitutive and agonist-induced internalization, respectively (13, 14) . Other membrane proteins such as the EGF receptor and the ␦-opioid receptor are destined to late endosomes and lysosomes for degradation upon endocytosis (14, 15) . For the SLC6 transporters, it has been suggested based on use of recycling inhibitors that both DAT and the glycine transporter 2 (GLYT2) are sorted to a recycling pathway, permitting reinsertion in the membrane (11, 12, 16) . It was therefore proposed that internalization of these transporters serve to maintain an intracellular pool of transporters that can be recruited to the surface during periods of high signaling activity (12) . Recently, we characterized in detail postendocytic sorting of DAT by use of co-expressed markers of distinct endocytic compartments and found that constitutively internalized DAT is sorted to a late endosomal/lysosomal degradative pathway as well as in part to a "short loop" Rab4-positive recycling pathway in both neurons and cell lines. Of interest, we observed little evidence for recycling of DAT via the "long loop" Rab11-positive recycling compartment that is utilized by bona fide recycling receptors, such as the ␤ 2 -adrenergic receptor (17) .
In contrast to the rather detailed information available about DAT, little is known about the trafficking properties and postendocytic sorting pattern of SERT. Given the poor sequence identity between DAT and SERT in the intracellular N and C termini, it is conceivable that the two proteins might be subject to differential cellular regulation and thus that they are not following the same intracellular trafficking pathways. To study the trafficking properties of SERT, we used five different approaches as follows: 1) a fusion protein of SERT and the FLAG-tagged single transmembrane segment protein Tac (TacSERT), providing an extracellular antibody epitope for dynamic visualization of internalization; 2) a SERT construct with an HA tag inserted into the second extracellular loop, thereby also providing an extracellular antibody epitope (HA-SERT); 3) a fluorescent cocaine analog (JHC1-64) allowing visualization of SERT in live cells (18); 4) a reversible biotinylation assay permitting biochemical assessment of SERT trafficking; and 5) a "pulse-chase" biotinylation experiment enabling assessment of SERT degradation over time. By exploiting these approaches, we establish that SERT, like DAT, undergoes marked constitutive internalization. Moreover, we visualized and quantified co-localization between internalized SERT and a series of intracellular markers. The experiments showed that SERT is postendocytically sorted preferentially to Rab7-positive late endosomes and only to a limited degree to the Rab11mediated recycling pathway. Sorting to a degradative pathway was further supported by reversible biotinylation and pulsechase biotinylation, showing that blocking of lysosomal degradation led to increased accumulation of internalized SERT. Finally, we demonstrate that SERT internalized in response to PMA stimulation also seems to favor the same postendocytic pathway as constitutively internalized SERT. These observations shed new light on the trafficking properties of SERT and should prove important for our general understanding of how SERT regulates serotonin signaling under both physiological and pathophysiological conditions.
EXPERIMENTAL PROCEDURES
Molecular Biology-The coding sequence of hSERT was inserted into the mammalian expression vector pcDNA3.1(Ϫ) (Invitrogen) using XbaI and HindIII restriction sites. To generate HA-tagged SERT, residues 212-215 (YFSE) in the EL2 of hSERT were replaced by the sequence YPYDVPDUASL (HA epitope is underlined) by a two-step PCR. The PCR product was ligated into the pcDNA3.1 hSERT construct using BlpI and AgeI digestion. The construct was verified by automatic dideoxynucleotide sequencing. TacSERT was generated as described in Ref. 19 and c-Myc-SERT as described in Ref. 20 . Tac and TacDAT in pcDNA3 were described in Ref. 17 . The EGFPtagged Rab7 and Rab11 constructs (pEGFP-C1 Rab7 and pEGFP-C1 Rab11) were kindly provided by Dr. Kathrine W. Roche, NINDS, National Institutes of Health, Bethesda, MD (21) . The pEGFP-Rab4 plasmid was a kind gift from Dr. José A. Esteban, Universidad Autónoma de Madrid, Madrid, Spain (22) . The FLAG-␤ 2 -adrenergic receptor in pcDNA3.1 was a kind gift from Dr. Mark von Zastrow, University of California at San Francisco. The cDNAs encoding dynamin and the dominant negative dynamin mutant K44A were kind gifts from Sandra Schmid, The Scripps Research Institute, La Jolla, CA.
Cell Cultures and Transfections-Human embryonic kidney (HEK293) cells (ATCC CRL-1573) were grown in Dulbecco's modified Eagle's medium (DMEM) with HEPES and sodium bicarbonate and Cath.a-differentiated (CAD) cells (23) in Ham's F-12/DMEM (1:1) (Invitrogen), both supplemented with 10% (v/v) fetal bovine serum (FBS) (Invitrogen) and 0.01 mg/ml gentamicin (Invitrogen), in the presence of 5% CO 2 in a 95% humidified atmosphere at 37°C. 24 h prior to transfection, 4 ϫ 10 6 HEK293 or CAD cells were plated in a 75-cm 2 culture flask in medium without gentamicin. Transient transfection was performed using LipofectAMINE2000 (Invitrogen) according to the manufacturer's instructions. The DNA/LipofectAMINE2000 ratio used was 1:3, using 1-2 g/l DNA.
Primary Antibodies-Mouse anti-HA.11 and mouse M1 anti-FLAG were from Covance (Princeton, NJ) and Sigma, respectively. Primary AlexaFluor-conjugated M1 and HA.11 antibodies were generated using the APEX TM Alexa Fluor 568 antibody labeling kit according to the manufacturer's manual (Invitrogen). M1 and HA.11 fluorophore-conjugated antibodies were used 1:1000 and 1:200, respectively. Mouse anti-c-Myc and HRP-conjugated anti-␤-actin were from Sigma. Secondary AlexaFluor-conjugated antibodies for immunocytochemistry were from Molecular Probes (Eugene, OR). Secondary HRPconjugated goat anti-mouse antibody was from Pierce, and secondary antibody HRP-conjugated goat anti-mouse was from Chemicon (Billerica, MA).
Antibody Feeding Internalization Assay-CAD cells or HEK293 cells transiently expressing Tac, TacSERT, or HA-SERT (and EGFP-dynamin I/K44A) were plated on polyornithine-coated coverslips in 6-well plates with a density of 400,000 cells/well. 2 days after transfection, cells were incubated for 1 h with Alexa568 M1-conjugated antibody (1:1000) at 4°C to label FLAG constructs or Alexa568 HA.11-conjugated antibody (and 1:200) at 18°C to label HA-SERT in the cell line's respective media. Afterward, the cells were incubated in fresh medium for 30 -60 min at 37°C allowing internalization (or at 4°C for a nontrafficking surface control), followed by two washes in ice-cold phosphate-buffered saline (PBS). Cells were then fixed in 4% paraformaldehyde for 15 min at 0°C. Finally, the cells were mounted in ProLong Gold Antifade reagent (Molecular Probes, Invitrogen) and visualized by confocal microscopy. When assessing the influence of PMA on internalization, at the time of internalization the cells were incubated with 1 M PMA at 37°C (or 4°C for surface control).
JHC1-64 Internalization Assay-For visualizing internalization using the fluorescent cocaine analog JHC1-64, the CAD or HEK293 cells transiently expressing hSERT were used 48 h after transfection. The cells were incubated with 20 nM JHC1-64 in serum-free medium for 30 min at 15°C, allowing JHC1-64 to bind to SERT while blocking internalization. The cells were washed in medium to remove excess JHC1-64 before internalization was allowed by incubating for 1 h at 37°C. Specific binding of JHC1-64 to hSERT was validated by incubating CAD cells transiently expressing EGFP-SERT with 10 nM JHC1-64 for 10 min followed by washing twice in serum-free medium and imaging by confocal microscopy. To block binding of JHC1-64 to hSERT, cells were incubated with 1 M of the SERT-specific inhibitor paroxetine for 10 min before addition of 10 nM JHC1-64.
Co-localization Assay of SERT with Endosomal Markers-For co-localization experiments, CAD cells were transfected with equal amounts of TacSERT, HA-SERT, or FLAG-␤ 2 -AR and either EGFP-Rab4, EGFP-Rab-7, or EGFP-Rab11 (1:1). At least 24 h post-transfection, the antibody feeding or JHC1-64 internalization assay was performed as described above. For assaying co-localization of the ␤ 2 -AR, 10 M isoproterenol was added during the time of internalization to induce receptor endocytosis. To visualize early and recycling endosomes during the time of internalization, cells were incubated with Alexa-Fluor 488-conjugated transferrin (Tf-488) (1:100; Invitrogen) 10 min prior to fixation. Likewise, to visualize lysosomes, cells were incubated with LysoTracker Green (50 nM, Invitrogen) prior to fixation.
Confocal Microscopy-Confocal microscopy was performed using a Zeiss LSM 510 laser-scanning unit (Carl Zeiss, Oberkochen, Germany) and an inverted microscope with an oil immersion 63 ϫ 1.4 numerical aperture objective (Carl Zeiss). Alexa488 and EGFP were excited using a 488-nm laser line from an argon-krypton laser, and detection of the emitted light was filtered using a long pass 505-530-nm barrier filter. The Alexa568 dye as well as rhodamine-labeled JHC1-64 were excited using a 543-nm helium-neon laser, and fluorescence was cleaned up using a 560-nm long pass filter. Images were collected in 512 ϫ 512 or 1024 ϫ 1024 pixels, and pinholes were set to achieve optical sections of 1 m. Signal collection was set to avoid saturation, and images were combined using ImageJ software.
Co-localization Quantification-Co-localization of EGFPtagged Rab4, Rab7, and Rab11 with TacSERT, HA-SERT, and ␤ 2 -adrenerigc receptor was quantified using the RG2B co-localization plug-in to ImageJ as described previously (24) . The region of interest was confined to single cells to avoid background noise. A minimum threshold pixel intensity of 100 was set for each channel, and the minimum ratio for pixel intensity between the two channels was set to 0.5. Co-localization is displayed as percentage of co-localizing pixel by the total area divided by the threshold of the M1 or HA.11 signal. Approximately 25-35 cells were used for quantification under each condition. Statistical significance was determined by one-way ANOVA followed by Bonferroni's multiple comparison test.
ELISA-based Internalization Assay-CAD cells were transiently transfected with Tac, TacSERT, or TacDAT. When assessing dynamin dependence, TacSERT was co-transfected with dynamin I, the dominant negative dynamin I (K44A), or pcDNA3.1. Cells were first incubated for 1 h at 4°C in cold serum-free DMEM with primary M1 antibody (1:5000) added to each well. Subsequently, cells were washed four times in DMEM/F-12 (1:1, referred to as media), and then warm (37°C) media were added, and cells were incubated at 37°C for 1 h allowing internalization or at 4°C for 1 h in the control situation. When indicated, 1 M PMA was added to the media during this step. To remove surface-bound M1, cells were incubated with an acidic strip buffer (0.5 M NaCl, 0.2 M acetic acid) for 10 min on ice (PBS used as control), then washed twice with PBS, fixed in 4% paraformaldehyde in PBS for 10 min, and again washed twice in PBS. Then the cells were blocked for 30 min in blocking buffer (PBS ϩ 5% goat serum) and permeabilized in blocking buffer with 0.1% saponin for 30 min. Cells were then incubated with secondary HRP-conjugated goat anti-mouse antibody (1:1000) in blocking buffer for 30 min and washed four times in PBS. Cells were incubated with SuperSignal ELISA Femto maximum sensitivity substrate (Pierce) for 30 s with shaking before luminescence was detected on a Wallac Victor2.
Surface ELISA-CAD cells transiently transfected with Tac, TacSERT, or ␤ 2 -AR were incubated with 25 M monensin for 1 h at 37°C prior to the assay. 10 M isoproterenol was added to ␤ 2 -AR-expressing cells to induce receptor internalization. Cells were washed in ice-cold PBS, fixated in 4% paraformaldehyde, washed twice in PBS, and blocked for 30 min with 5% goat serum in PBS (blocking buffer). Subsequently, cells were incubated for 30 min with primary antibody M1 (1:5000) in blocking buffer at room temperature. The cells were washed four times in PBS and then incubated for 30 min in HRP-conjugated goat anti-mouse antibody (IgG) (1:1000) in blocking buffer at room temperature, followed by four washes in PBS. Cells were incu-bated with SuperSignal ELISA Femto Maximum Sensitivity Substrate (Pierce) as described above.
5-[ 3 H]
HT Uptake-Saturation kinetics of 5-HT uptake was determined using an increasing concentration of 5-HT with a trace amount of 5-hydroxy[ 3 H]tryptamine trifluoroacetate (5-[ 3 H]HT) (GE Healthcare). 24 h prior to uptake assay, CAD cells transiently transfected with HA-SERT were plated in 24-well plates with a density of 200,000 cells per well. On the day of the experiment (48 h after transfection), cells were washed once in 1 ml of 37°C uptake buffer (25 mM HEPES, 120 mM sodium chloride, 5 mM potassium chloride, 1.2 mM calcium chloride, and 1.2 mM magnesium sulfate supplemented with 10 mM D-glucose, 1 mM ascorbic acid, and 1 M pargyline, pH 7.4) and equilibrated in 450 l of uptake buffer per well for 20 min at 37°C. Uptake was initiated by adding serial dilutions of 5-HT: 5-[ 3 H]HT with final concentrations of 6.4 to 0.05 M. Uptake was allowed for 3 min at room temperature with shaking and was terminated by washing twice in ice-cold uptake buffer. Cells were first lysed in 1% SDS and subsequently transferred to cell counting plates (PerkinElmer Life Sciences) where Optiphase HiSafe 3scintillation fluid (PerkinElmer Life Sciences) was added. Radioactivity was measured in a Wallac Tri-Lux ␤ scintillation counter (PerkinElmer Life Sciences). Nonspecific uptake (defined as background) was determined in the presence of 0.2 M paroxetine, added during equilibration in uptake buffer for 20 min at 37°C. Background corrected data were analyzed in GraphPad Prism 5.0 (GraphPad Software, San Diego). All determinations were performed in triplicate.
Reversible Biotinylation Assay-For reversible biotinylation, 500,000 CAD cells transiently expressing c-Myc-SERT were seeded in 6-well plates 24 h prior to the experiment. On the day of the experiment, the cells were incubated for 1 h with 0.6 mg/ml sulfo-NHS-S-S-biotin in PBS on ice. Prior to internalization, the cells were washed twice with ice-cold 100 mM glycine in PBS and twice with ice-cold PBS to remove unbound sulfo-NHS-S-S-biotin. Subsequently, two wells were kept on ice, while the four other wells were incubated for 2 h in warm media at 37°C with no extra treatment, 10 g/ml leupeptin, 10 g/ml leupeptin ϩ 200 M chloroquine, or 10 g/ml leupeptin ϩ 25 M monensin. Chloroquine was only present for 90 min. All samples were washed in ice-cold PBS. To remove surface biotin, all but the "total surface" sample was treated twice with 100 mM MesNA, 0.2% bovine serum albumin, 50 mM Tris-HCl, pH 8.8, 100 mM NaCl, 1 mM EDTA, for 20 min and subsequently washed twice in ice-cold PBS. Samples were lysed in lysis buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.2 mM PMSF, protease inhibitor mixture (Roche Applied Science), and 5 mM N-ethylmaleimide), mixed for 20 min at 4°C, and centrifuged for 15 min at 16,000 ϫ g at 4°C to remove cell debris. A total sample was collected from all samples and mixed with an equal volume of 2ϫ loading buffer containing 1% SDS, 2.5% ␤-mercaptoethanol, and 100 mM dithiothreitol (DTT). For pulldown of biotinylated proteins, the samples were loaded on avidin beads, mixed overnight at 4°C, then washed four times in lysis buffer with a 3-min centrifugation at 3000 ϫ g per wash, and incubated for 30 min with 2ϫ loading buffer. To remove the avidin beads, the sample was filtered before analysis by SDS-PAGE. Each sample was loaded and analyzed on a 10% pre-stacked gel (Bio-Rad), followed by blotting to a PDVF membrane (Millipore, MA) and developing with various primary antibodies as follows: mouse anti-c-Myc 1:1000, HRP-conjugated anti-␤-actin 1:20,000 in 5% milk powder, 0.05% Tween 20 in PBS. Secondary antibody was HRPconjugated goat anti-mouse 1:5000. Finally, the membrane was developed with ECL prime Western blotting reagent (GE Healthcare). Immunoreactivity was quantified using ImageJ. Statistical significance was determined by one-way ANOVA followed by Bonferroni's multiple comparisons test.
Pulse-Chase Biotinylation Assay-HEK293 cells (ϳ900,000) were transiently transfected with c-Myc-SERT and seeded in 6-well plates 1 day prior to the experiment. On the day of the experiment, cells were incubated for 15 min on ice with 1.2 mg/ml sulfo-NHS-biotin in PBS followed by washing twice with 100 mM glycine in PBS to stop the reaction. One well was lysed in lysis buffer to determine the cell surface before internalization. Two other wells were washed once in prewarmed (37°C) media (DMEM with HEPES), added to prewarmed media Ϯ 100 g/ml leupeptin, and incubated for 4 h at 37°C. The cells were collected in lysis buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.2 mM PMSF, protease inhibitor mixture (Roche Applied Science), and 5 mM N-ethylmaleimide), mixed for 20 min at 4°C, and centrifuged for 15 min at 16,000 ϫ g at 4°C to remove cell debris. For isolation of biotinylated protein, the samples were loaded on streptavidin beads, mixed overnight at 4°C, and then washed four times in lysis buffer with 3 min of centrifugation at 3000 ϫ g per wash. To elute biotinylated protein from the streptavidin beads, each sample was incubated for 4 min at 60°C with an equal volume of 2ϫ loading buffer containing 2.5% SDS, 10% ␤-mercaptoethanol, and 300 mM DTT. Each sample was analyzed by Western blotting as described for reversible biotinylation. Immunoreactivity was quantified using ImageJ. Statistical significance was determined using a t test.
RESULTS
Serotonin Transporter Is Constitutively Internalized-It has proven notoriously difficult to generate a highly specific antibody specifically directed to any part of the extracellular sequence of SERT, and to our knowledge such an antibody is not available. Accordingly, it has not been possible to monitor SERT endocytosis directly and in live cells in antibody feeding experiments using fluorescently labeled antibodies, for example. To solve this problem, we used a construct in which the single transmembrane protein Tac was fused to the N terminus of SERT, resulting in a SERT variant with an extra transmembrane domain (19) . The construct was modified to contain an extracellular FLAG epitope (DYKDDDDK) at the Tac N terminus preceded by a signal peptide ( Fig. 1A) . After cleavage of the signal peptide, the epitope can be detected by the highly specific anti-FLAG antibody M1. As we described previously, this construct, TacSERT, exhibits normal functional activity with 5-HT uptake and inhibitor binding properties that are not significantly different from those of the wild type hSERT (19) . Furthermore, immunolabeling followed by confocal microscopy showed that TacSERT was homogeneously distributed at the cell surface (19) . Earlier, we have made a similar construct for DAT, TacDAT, which was used to study DAT trafficking (17) .
To establish whether SERT is constitutively internalized, as shown previously for DAT (12, 16, 17) , TacSERT was transiently expressed in CAD cells, a neuronal cell line, and an antibody-based internalization assay was performed. As a negative control, the FLAG-tagged single transmembrane protein Tac (Tac) was assayed in parallel. CAD cells expressing TacSERT or Tac were labeled with Alexa568-conjugated M1 antibody at 4°C where internalization is blocked. Subsequently, internalization was allowed by incubating cells at 37°C for 30 min. Confocal microscopy analysis showed a clear intracellular accumulation of the M1 antibody in cells expressing TacSERT, indicating that TacSERT is indeed constitutively internalized during the 30-min incubation (Fig. 1B) . No apparent internalization was observed when the cells expressing TacSERT were kept at 4°C (Fig. 1B) . In contrast, Tac was only found at the surface independently of incubation temperature indicating that Tac alone resides in the plasma membrane and does not internalize to a detectable extent during the 30-min incubation time (Fig. 1B) . The experiments were also performed in HEK293 cells showing a similar intracellular accumulation of TacSERT upon incubation with the M1 antibody for 30 min at 37°C (data not shown).
Stimulation with PMA has previously been shown to internalize SERT. To verify that TacSERT expressed in CAD cells retained the trafficking properties observed for the wild type transporter, we performed the antibody feeding internalization assay with 1 M PMA in the cell media. The presence of PMA during the internalization period substantially increased the amount of intracellularly accumulated TacSERT (Fig. 1B) , indicating that TacSERT is subject to PMA-induced internalization in CAD cells as observed for wild type SERT in other cell systems (6, 25, 26) . Still no visible intracellular accumulation of M1 was observed for Tac alone (Fig. 1B) .
To quantify the amount of internalized SERT, we used an ELISA-based internalization assay (for schematic overview of the assay, see Ref. 17) . CAD cells transiently transfected with TacSERT were incubated with M1 antibody at 4°C to label surface transporter. Next, constitutive internalization was allowed by incubating cells at 37°C for 45 min. Surface-bound M1 was removed by an acid strip; cells were permeabilized, and intracellular accumulated transporter was measured by ELISA. Internalization was calculated as the fraction of intracellular accumulated TacSERT relative to the initial surface expression ( Fig. 1C ). Using the same assay, our group has previously shown that the Tac-tagged version of the DAT, TacDAT, is constitutively internalized, whereas only very limited internalization is seen for Tac alone (17) . Accordingly, TacDAT and Tac alone were included for comparison. TacSERT was constitutively internalized to the same extent as TacDAT (intracellular accumulation of 9.8 Ϯ 3.0 and 9.9 Ϯ 1.3%, respectively). Furthermore, both the fractions of internalized TacSERT and TacDAT were significantly different from the negative control Tac (4.2 Ϯ 0.61%) (Fig. 1C ). In addition, it was tested whether incubation with PMA increased intracellular accumulation of TacSERT. In concordance with the microscopy data in Fig. 1B , PMA significantly increased the amount of internalized transporter (19.8 Ϯ 0.95%) and had no effect on the negative control Tac (4.6 Ϯ 0.66%) (Fig. 1C) .
SERT Internalization Is Dynamin-dependent-To investigate the mechanism underlying constitutive internalization of SERT, we examined whether the process is dynamin-dependent. TacSERT was co-expressed in CAD cells with either wild type (WT) dynamin I or the dominant negative dynamin I (K44A) (27) , and constitutive internalization was measured in the ELISA-based internalization assay as described above. In cells transfected with TacSERT and WT dynamin I, internalization of TacSERT was observed to the same extent as when TacSERT was co-transfected with the empty pcDNA3.1 vector ( Fig. 2A) . However, constitutive internalization was significantly reduced when cells were transfected with the dominant negative dynamin I ( Fig. 2A) . We also performed the immunofluorescence antibody feeding assay on CAD cells co-expressing TacSERT and either EGFP-tagged WT dynamin I or negative dynamin I K44A. Expression of EGFP-tagged versions of dynamin I enabled detection of TacSERT trafficking in only EGFP-dynamin I positive transfected cells. As observed in cells expressing TacSERT alone, M1 antibody accumulated intracellularly in EGFP-dynamin I-expressing cells in agreement with internalization of TacSERT. However, accumulation of M1 antibody and thereby TacSERT internalization was impaired in EGFP-dynamin I K44A-positive cells (Fig. 2B) . Together, the results support that TacSERT undergoes constitutive endocy- tosis and that this endocytosis occurs through a dynamin I-dependent pathway.
Characterization of the Postendocytic Sorting of Internalized SERT-To determine the fate of internalized SERT, we took advantage of EGFP-fused Rab proteins. Rab proteins are small GTPases that play an important role in regulating intracellular trafficking pathways (28) . As trafficking regulators, each Rab-GTPase has a distinct intracellular localization and function. Consequently, the Rab-GTPases can be used as intracellular markers. Rab4 is a marker of early endosomes as well as the so-called short loop recycling pathway, whereas Rab11 is a marker of recycling endosomes associated with the long loop recycling pathway. Rab7, however, associates with late endosomes/lysosomes (28, 29) . The immunofluorescence antibody feeding assay was applied in CAD cells co-expressing the various EGFP-Rabs and TacSERT (Fig. 3A) . The confocal microscopy images showed that internalized TacSERT was distributed rather differently than EGFP-Rab4, although partially overlapping signals were observed in some parts of the cells (Fig. 3A) . A more profound co-localization was observed between TacSERT and Rab7, the marker of late endosomes/lysosomes, i.e. the distribution was remarkably similar for EGFP-Rab7 and internalized TacSERT, and characterized by multiple overlapping vesicular structures (Fig. 3A) . In contrast, we saw only little overlap between the TacSERT immunosignal and the signal from EGFP-Rab11 (Fig. 3A) . Quantifications of overlapping M1 TacSERT signal and Rab EGFP signal supported these observations and showed significantly higher co-localization of TacSERT with EGFP-Rab7 and EGFP-Rab4 than with EGFP-Rab11 (Fig. 3B) .
As a control for the co-localization assay, we included an N-terminally FLAG-tagged ␤ 2 -AR in our experiments. ␤ 2 -AR is known to undergo endocytosis and subsequent recycling upon stimulation with the agonist isoproterenol. When co-expressing FLAG-tagged ␤ 2 -AR with the various EGFP-Rabs in CAD cells, we found a pronounced co-localization of the immunosignal from isoproterenol-internalized ␤ 2 -AR with the signal from EGFP-Rab11 (Fig. 3C ). In further contrast to our findings for TacSERT, there was almost no co-localization between the ␤ 2 -AR immunosignal and the EGFP-Rab7 signal. However, as for TacSERT, the ␤ 2 -AR immunosignal and the EGFP-Rab4 signal distributed rather differently in the cells, although an overlapping signal was seen in certain parts of the cell. Quantifications of co-localized ␤ 2 -AR with EGFP-tagged Rab proteins confirmed these findings with a significant sorting to EGFP-Rab4 and EGFP-Rab11 positive compartments compared with EGFP-Rab7 positive compartments (Fig. 3D ). This sorting pattern of ␤ 2 -AR is in accordance with previous published data (17, 30, 31) .
To further assess the postendocytic fate of SERT, we used LysoTracker, a commercially available fluorescently labeled marker of lysosomes, or Tf-488 (Alexa Fluor 488-conjugated transferrin), a marker of early endosomes and recycling endosomes, in the M1 feeding internalization assay. Tf-488 labels endogenously expressed transferrin receptors, which are internalized into early endosomes and subsequently sorted to recycling endosomes. Corresponding to the observations made when the Rab-GTPases were used as markers, only a very limited fraction of the transporter that internalized over 30 min showed co-localization with the signal from Tf-488 ( Fig. 4A ). However, in the same assay, a prominent overlap of TacSERT with LysoTracker was found with a large fraction of the intracellular vesicles showing both M1 immunosignal and Lyso-Tracker signal (Fig. 4B) . Quantifying the co-localization of TacSERT with either LysoTracker or Tf-488 showed a highly significant difference in co-localization between the two markers ( Fig. 4C ). For the ␤ 2 -AR, a prominent co-localization with Tf-488 was observed and to a lesser extent co-localization with LysoTracker (data not shown).
Finally, we applied the cation ionophore monensin, which is a blocker of both lysosomal degradation and recycling (32) . If a major fraction of SERT is targeted to recycling, a decrease in the steady state SERT surface level would be expected upon treatment with monensin. Accordingly, CAD cells expressing TacSERT, Tac alone, or the ␤ 2 -AR were treated with 25 M monensin for 1 h before surface levels were measured by ELISA. As shown in Fig. 4D , no significant effect of monensin was observed for TacSERT surface levels, although agonist-stimulated ␤ 2 -AR receptors (included as a positive control) were sensitive to the treatment (Fig. 4D) .
Postendocytic Sorting of SERT Following PMA Stimulation-It is well established that phorbol esters, i.e. PMA, which activate kinases such as PKC, cause acute internalization of SERT (6, 7) . However, the postendocytic fate of PMA-induced internalization of SERT has never been investigated. To shed light on this matter, we first confirmed that stimulation with PMA leads to an increase in intracellular SERT in CAD cells using the M1-based internalization assay (Fig. 1B) . Next, postendocytic sorting of TacSERT in the presence of PMA was assessed. CAD cells were co-incubated with the marker of recycling, Tf-488, and the lysosomal marker, LysoTracker, as described above.
As observed upon constitutive internalization, M1-labeled
TacSERT showed only little co-localization with Tf-488, whereas a clear overlap with LysoTracker was observed ( Fig.  5A) . When employing the EGFP-tagged Rab proteins, we also saw the same sorting pattern as that seen upon constitutive internalization. As shown in Fig. 5B , TacSERT internalized in response to PMA was predominantly found to co-localize with EGFP-Rab7 and not with EGFP-Rab11 (Fig. 5B) , indicating that SERT is primarily destined for lysosomal degradation following both constitutive and PMA-stimulated internalization.
HA-tagged SERT Is Also Sorted to Rab7/LysoTracker-positive Compartments-The data presented so far rely on the TacSERT construct in which the N terminus is tethered by the addition of an extra transmembrane segment. The fusion of Tac to SERT made it possible to tag the transporter with the FLAG tag at the extracellular part of the transporter; however, tethering of the N terminus could potentially affect the trafficking properties of SERT. Interestingly, Sorkin et al. (33) succeeded in introducing the hemagglutinin (HA) epitope tag (YPYDVPDYASL) in the second extracellular loop (EL2) of the closely related DAT without perturbing transporter function and expression. Accordingly, we introduced the HA tag between the two glycosylation sites in EL2 of SERT (Fig. 6A) . The resulting construct, HA-SERT, was expressed transiently in CAD cells, and 5-[ 3 H]HT uptake activity was compared directly with WT SERT. The V max value for HA-SERT was 55.0 Ϯ 7.0% (mean Ϯ S.E., n ϭ 3) of WT SERT, and the K m value of HA-SERT (0.82 Ϯ 0.07 M) was comparable with the K m value observed for the wild type SERT (0.57 Ϯ 0.05 M) (mean Ϯ S.E., n ϭ 3). A representative graph of the kinetic measurements of 5-[ 3 H]HT uptake in CAD cells expressing wild type or HA-SERT is shown in Fig. 6B . Introducing the HA tag in any other position in EL2 than between the two glycosylation sites led to a complete loss of function in the uptake assay (data not shown).
It has been shown previously that the HA.11 antibody binds poorly to the HA-tagged DAT at 4°C (33) . Accordingly, to label transporters at the cell surface, CAD cells expressing HA-SERT were incubated with Alexa568-conjugated HA.11 at 18°C, conditions of minimal or no endocytosis. Without a subsequent incubation at 37°C to allow internalization, the HA antibody was clearly detected at the cell surface (Fig. 6C) , confirming that the HA epitope is exposed to the extracellular side of the membrane and that the transporter protein is indeed expressed at the surface of the cell. Allowing internalization of labeled surface transporters for 30 min at 37°C resulted in a distinct intracellular accumulation of labeled HA-SERT in accordance to the results obtained for cells expressing TacSERT. Likewise, a further increase in intracellular HA-SERT was observed when 1 M PMA was included in the media during the 37°C incubation (Fig. 6C ). Taken together, these data suggest that HA-SERT can be used reliably to study SERT trafficking.
Next, we tested whether constitutive endocytosis of HA-SERT was dynamin-dependent as observed for TacSERT. CAD cells were co-transfected with HA-SERT and dynamin I or dynamin I K44A, and intracellular accumulation of transporter was assessed by HA.11 antibody feeding. Intracellular accumulation of the HA.11 immunosignal was markedly impaired in cells co-expressing the dominant negative dynamin I K44A but not in cells expressing the WT dynamin I (Fig. 7A) . Finally, the co-localization of internalized HA-SERT with the various EGFP-tagged Rab proteins as well as with LysoTracker or Tf-488 was imaged and quantified as described above for TacSERT. The quantifications are depicted in Fig. 7B and confirm that the highest degree of co-localization is observed between HA-SERT and the markers of late endosomes and lysosomes (Rab7 and LysoTracker). An overlap was also observed with EGFP-Rab4 similar to our findings for TacSERT, whereas little overlap was seen between HA-SERT and the marker of the long loop recycling pathway. We also found little overlap between the HA-SERT immunosignal and the transferrin signal (Tf-488) (Fig. 7B) .
Internalized hSERT Distributes Mainly to Rab7-positive Compartments in an Antibody-independent Assay-To exclude that sorting of internalized SERT was influenced by the bound antibody, we wanted to test the postendocytic fate of the trans- porter in an antibody-independent assay. The fluorescent cocaine analog JHC1-64 has previously been shown to inhibit uptake in SERT, the norepinephrine transporter, and DAT (18); JHC1-64 has also been used to demonstrate internalization of DAT in CAD cells, as well as in dopaminergic neurons, and importantly, the compound did not affect trafficking of the transporter per se (10, 17) . To support previous findings that the fluorescent cocaine analog JHC1-64 labels and visualizes transiently expressed SERT in the nanomolar range (19, 34) , we incubated CAD cells transiently expressing SERT tagged at the N terminus with EGFP (EGFP-SERT) with 10 nM JHC1-64 alone or together with 1 M paroxetine, a SERT-specific blocker. Confocal live imaging of the cells showed clear EGFP fluorescence corresponding to the plasma membrane of a subset of cells, conceivably corresponding to the cells transfected with EGFP-SERT. Importantly, there was strong JHC1-64 plasma membrane labeling of the same cells, and this labeling was eliminated in the presence of an excess of paroxetine ( Fig. 8) .
Next, we transfected CAD cells with untagged hSERT together with EGFP-Rab4, -7 or -11. To assess whether hSERT internalization could be detected with JHC1-64, the cells were incubated first at 15°C with 20 nM JHC1-64 resulting in plasma membrane labeling without any signs of intracellular accumulation of the fluorophore (Fig. 9 ). This supports that the compound does not penetrate the cell membrane in a nonspecific manner. Raising the temperature to 37°C, and thus to a trafficking-permissive temperature, led to the appearance of JHC1-64-positive intracellular vesicular structures, supporting internalization of the JHC1-64⅐SERT complex (Fig. 9) . Notably, the JHC1-64-positive vesicles almost exclusively co-localized with Rab7-and only few vesicles overlapped with Rab4 and Rab11 ( Fig. 9 ), in agreement with our observations using either TacSERT or HA-SERT.
Assessing Internalization by Reversible and Pulse-Chase Biotinylation-To investigate internalization and the fate of internalized SERT by an approach independent of fluorescence imaging, we first utilized a reversible biotinylation strategy. CAD cells were transiently transfected with SERT tagged at the N terminus with a short c-Myc epitope, which does not affect expression and function of SERT (38) . Cells were biotinylated with the reducible biotinylation reagent, sulfo-NHS-S-S-biotin, containing a cleavable disulfide bond, and subsequently internalization was allowed by incubation of the cells at 37°C for 2 h. Surface biotin was removed by treating cells with a reducing agent (2-mercaptoethanesulfonic acid (MesNa)), and intracellular biotinylated protein was isolated from the lysed cells with avidin beads, followed by SDS-PAGE and immunoblotting. A noninternalized (ice), unstripped sample and a noninternalized (ice), stripped sample ("strip" control) defined total SERT at the cell surface and the stripping efficiency (93-96%) of the assay (Fig. 10A ). In agreement with our antibody feeding assays, the data provided evidence for constitutive SERT internalization, i.e. SERT immunoreactivity was markedly stronger for cells incubated at 37°C compared with cells kept on ice (strip control) (Fig. 10A ). To assess whether internalized SERT underwent lysosomal degradation during the incubation period, we incubated cells with the lysosomal protease inhibitor, leupeptin, either alone or together with the lysosomotropic agent chloroquine (35) . In the presence of leupeptin and chloroquine, we observed a significant increase in SERT immunoreactivity, supporting that a detectable fraction of internalized SERT was targeted to degradation during the incubation period ( Fig.  10A ). Of note, the reversible biotinylation protocol permitted calculations of the cumulated fraction of internalized SERT (internalized relative to unstripped control), which was 13.5 Ϯ 2.8% in the presence of leupeptin and chloroquine, 9.88 Ϯ 2.2% in the presence of leupeptin, and 7.61 Ϯ 2.1% without leupeptin and chloroquine (means Ϯ S.E., n ϭ 4).
Finally, we incubated the cells with both leupeptin and the recycling inhibitor monensin (17) . This treatment did not cause any significant increase in SERT immunoreactivity as compared with leupeptin alone or leupeptin and chloroquine together, arguing against that a major fraction of internalized SERT undergoes recycling during the 2 h incubation period.
To obtain additional evidence that a significant fraction of internalized SERT is targeted to lysosomal degradation, we performed a "pulse-chase" biotinylation experiment using a nonreducible biotinylation reagent. Unfortunately, despite several attempts and optimization procedures, we were unable to per- form the experiment on CAD cells because these cells did not stick sufficiently well to the surface during the required 4-h incubation period. We therefore turned to HEK293 cells, which did not show the same problem. Importantly, constitutively internalized SERT sorted similarly in HEK293 cells as in CAD cells. In HEK293 cells transiently expressing SERT, together with either Rab4, -7 or -11, we carried out an internalization assay using the fluorescent cocaine analog JHC1-64. As in the CAD cells, the internalized JHC1-64-positive vesicles primarily co-localized with Rab7 and only to a small extent with Rab4 and Rab11 (data not shown). For the pulse-chase experiment, surface SERT was labeled with nonreducible sulfo-NHS-biotin on ice and subsequently allowed to internalize for 4 h at 37°C with and without the lysosomal protease inhibitor leupeptin. The biotin-linked SERT remaining after the incubation was bound to streptavidin beads and quantified using SDS-PAGE and immunoblotting (Fig. 10B ). The two samples (Ϯ leupeptin) were normalized to a third sample (total surface) collected after biotinylation, prior to internalization. The signal detected should reflect the remaining biotin-linked SERT after 4 h, independent of which intracellular compartment the biotin-linked SERT may reside. If a fraction of the protein has undergone lysosomal degradation, we would expect a smaller loss in the leupeptin-treated sample compared with vehicle. Indeed, we observed a significantly lower loss in the presence of leupeptin equivalent to 0.11%/min loss of protein over 4 h compared with 0.18%/min loss of protein for the vehicle-treated sample (Fig.  10B ).
DISCUSSION
It is well established that the level of SERT protein at the plasma membrane is subject to tight control by a series of different kinases and interacting proteins. However, whether SERT undergoes constitutive internalization per se has not previously been addressed. Furthermore, to the best of our knowledge, no previous study has addressed the postendocytic fate of internalized SERT, although such information should be critical for understanding the mechanisms controlling the level and activity of SERT in the presynaptic membrane. A major reason for this lack of knowledge is the challenge of studying SERT trafficking because of difficulties in developing an efficient antibody against an endogenous extracellular epitope of the transporter.
This study was made possible by the introduction in SERT of extracellular FLAG or HA tags, enabling the use of commercially available high affinity antibodies. The FLAG-tagged TacSERT was generated by fusion of the one transmembrane protein Tac to the N terminus of SERT. Tac appears essentially inert in its trafficking properties and has been used ubiquitously to reveal, for example, endocytosis motifs in other membrane proteins by chimeric fusion of selected sequences to its C terminus (36, 37) . In agreement with previous published data for WT SERT, TacSERT was expressed at the cell surface and was shown to internalize in response to PMA stimulation (Fig. 1B) . The V max and K m values for 5-HT uptake in TacSERT were likewise equivalent to that of SERT (19) . Of note, we showed previously that the corresponding TacDAT construct also has preserved uptake properties and, moreover, that it retains the trafficking properties of wild type DAT (17) . Inspired by the work of Sorkin et al. (33) on DAT, we also generated a SERT with an HA tag in EL2. This construct was functional and expressed at the cell surface, although V max for 5-HT uptake was reduced by around 50% (Fig. 6C ). Possibly, this reduction is the result of a structural perturbation caused by inserting the HA sequence between the two glycosylation sites in the EL2. Indeed, we know from previous studies that mutations interfering with glycosylation in EL2 of SERT alter transporter protein expression (38) .
TacSERT and HA-SERT have each their own advantages. TacSERT possesses the advantage over HA-SERT that the M1 signal is almost 10-fold higher than the corresponding HA signal in the quantitative ELISA, improving the signal to noise ratio considerably (17) . Furthermore, binding of the antibody to Tac, rather than to the transporter itself, makes interference from antibody binding on the trafficking properties of the transporter less likely. However, tethering of the N terminus as in TacSERT might interfere with function as indicated by the previously shown altered capacity to mediate amphetamineinduced efflux for this construct (19) . It was therefore highly important that both constructs were suitable for the immunocytochemistry-based antibody feeding internalization assay. It was also very important that we observed the same internalization and postendocytic sorting properties for the two different constructs, strongly supporting that our observations are not a consequence of alterations made by introduction of the epitope tags.
Using the antibody-feeding internalization assay in the neuronal cell line, CAD, expressing TacSERT or HA-SERT, we show that the transporter is constitutively internalized to an extent that is significantly higher than that of the control membrane protein Tac (Figs. 1B and 6C ). This finding was confirmed in a quantitative ELISA-based internalization assay in cells expressing TacSERT (Fig. 1C) . In further support of an endocytic event is the finding that the process is dynamin-dependent ( Fig. 2) . Of note, we also attempted to block internalization with specific dynamine inhibitors, such as Dynasore, Dyngo4a, and Dynole; however, in our hands, these compounds caused a dramatic loss in signal, often accompanied by cell detachment, making our experiments inconclusive.
To further substantiate our observations and exclude that antibody binding, or the tags themselves, affected the trafficking properties of TacSERT and HA-SERT, we took advantage of the rhodamine-conjugated cocaine analog JHC1-64 and a reversible biotinylation protocol. We have previously used JHC1-64 to demonstrate internalization of DAT (17) . Here, we show that the compound can be used to demonstrate internalization of untagged human SERT as well. Our reversible bioti- nylation also revealed constitutive trafficking of SERT, directly supporting our observations with TacSERT, HA-SERT, and JHC1-64. Of interest, the reversible biotinylation protocol permitted, in addition, another way of quantifying constitutive trafficking.
Our calculations revealed an apparent fractional internalization over 2 h of ϳ13.5% in the presence of leupeptin and chlo-roquine and ϳ8% in the absence of these compounds. The fractional internalization estimated from the ELISA internalization assay was slightly lower (ϳ10% over 1 h), a difference that probably can be attributed to the different methodological approaches. The ELISA internalization assay also revealed a fractional internalization of the transporter in the presence of PMA, which amounted to ϳ20% over 1 h. This might seem low compared with previous studies investigating PMA-induced SERT internalization. For example, ϳ70% loss of surface SERT over 30 min has been observed in platelets (25) and ϳ50% loss over 30 min in transfected HEK293 cells (39) . However, ϳ40% reduction over 40 min was seen in transfected HEK293 cells (6) and ϳ30% reduction over 30 min in brain synaptosomes (26) , and 14% reduction was seen over 2 h in JAR human placental choriocarcinoma cells (40) . Thus, internalization rates are likely to differ quite substantially between different cellular systems and different experimental approaches. We have no immediate explanation for the relatively low rates seen in this study other than it most likely relates to the cells used and the methods applied. It is important to note, however, that the actual internalization might be higher than indicated from the biotinylation experiments if leupeptin and/or chloroquine did not completely block lysosomal degradation during the incubation periods used. However, we find it less likely that we have a loss of signal because of spontaneous disulfide reduction of the biotinylation reagent in the reversible biotinylation experiment. In contrast to the reducing environment of the cytosol, the endosomal environment, to which the surface biotinylated SERT is exposed, is believed to be oxidative (41) .
A marked constitutive internalization has also been shown for other members of the SLC6 transporter family such as the DAT, GLYT2, and norepinephrine transporter (11, 12, 42) . However, the fate of constitutively internalized SLC6 transporters, and ultimately the consequences of the internalization, remains elusive. To investigate the fate of internalized SERT, we took advantage of Rab proteins fused to EGFP in combination with confocal imaging. In CAD cells, by co-expression of TacSERT with the EGFP-tagged Rab proteins, we observed the most pronounced co-localization with the marker of late endosomes/lysosomes Rab7 (Fig. 3, A and B) and almost no co-localization with Rab11, a marker of the long loop recycling pathway. Parallel experiments with the ␤ 2 -adrenergic receptor showed in agreement with previous findings a different postendocytic sorting pattern for this protein characterized by high co-localization with Rab11 and little co-localization with Rab7 (Fig. 3, C and D) . This would also be expected for a protein well known to efficiently recycle via the long loop recycling pathway (30). Importantly, our observations were based on the use of the same antibody epitope (FLAG) and antibody (M1), supporting that the differences found between TacSERT and ␤2-AR are indeed reflecting different properties between the two analyzed proteins. Sorting of constitutively internalized SERT to late endosomes and lysosomes was further supported by a profound co-localization between TacSERT or HA-SERT and the lysosomal marker LysoTracker but little co-localization between TacSERT or HA-SERT and transferrin. Others have likewise shown limited overlap between the transferrin receptor and SERT immunoreactivity in cells (43) . Moreover, sorting of internalized SERT primarily to late endosomes was supported by labeling of hSERT with JHC1-64, showing that the internalized hSERT⅐JHC1-64 complex almost exclusively co-localized with Rab7-positive vesicles. Similarly, inhibitors of lysosomal degradation increased the amount of intracellular biotinylated SERT in our reversible biotinylation assay, consistent with targeting of a significant fraction of internalized transporter to degradation during the incubation period. The application of a pulse-chase biotinylation experiment using a nonreducible biotinylation experiment also supported that a significant fraction of SERT upon internalization was targeted to lysosomal degradation (Fig. 10B) .
Internalized membrane proteins are initially targeted to early endosomes where cargo for lysosomal degradation is separated from the cargo used for recycling. It was therefore not surprising to see that both TacSERT and ␤ 2 -AR displayed some co-localization with Rab4. Interestingly, Rab4 mediates transfer from the early endosomes to a fast recycling pathway (short loop recycling pathway) distinct from the slow Rab11-sensitive recycling pathway. It has previously been suggested that constitutively internalized DAT to some extent take advantage of this fast pathway of recycling (17) . Furthermore, in a recent study on the dopamine D2 receptor, it was shown that constitutive recycling of dopamine D2 receptor, and hence steady state surface levels, is sensitive to Rab4, whereas agonist-dependent recycling is sensitive to Rab11 (44) . Because the transit time in rapid recycling of Rab4-positive endosomes was estimated to occur with a t1 ⁄ 2 of 1-2 min (45), a decrease in TacSERT surface expression would be expected upon treatment with the recycling blocker monensin if the steady state level of surface SERT was dependent on rapid recycling. We observed, however, no significant decrease in TacSERT surface expression over 1 h of monensin treatment, arguing against significant recycling of SERT at least in the cellular system studied. Our reversible biotinylation assay also provided data arguing against significant recycling because incubation with monensin did not increase the amount of intracellular biotinylated protein during the incubation period as compared with leupeptin alone. Nonetheless, it is important to note that none of our experimental approaches exclude that a fraction of SERT undergoes recycling; our data only suggest that in the cell systems studied SERT appears to sort primarily to a degradative pathway.
In a previous study performed in our laboratory, constitutive internalization of DAT was visualized in primary cultures of dopaminergic neurons. By use of the fluorescent cocaine analog JHC1-64 to label surface-resident DAT, labeled DAT was shown to accumulate in intracellular compartments in the soma over time (10) . Lentiviral transduction was used to express the EGFP-Rabs, and confocal images showed that constitutively internalized endogenous DAT was primarily sorted to the late endosomal/lysosomal pathway. This was in accordance with the sorting pattern observed for DAT transiently expressed in neuronal cell lines (17) . We likewise tried to study SERT in its native environment. Accordingly, we established primary cultures of rat serotonergic raphe neurons. However, staining with an anti-SERT antibody revealed a distribution that favors the neurites with very low surface staining at the soma. 4 This is in accordance with an earlier electron microscopy study showing that plasma membrane SERT immunoreactivity preferentially localizes to the axonal membranes (46) . However, because of the limited thickness of the axons and the relatively homogeneous distribution of SERT, 4 we were not capable of discriminating between plasma membrane-localized and intracellularly localized SERT in the axons with the limitations in resolution given by confocal microscopy. Lentiviral transduction was applied to express TacSERT or HA-Tac and study SERT trafficking in neurons by antibody feeding experiments. Although efficient expression was observed in a fraction of the neurons in culture, no overlap was observed with the marker of serotonergic neurons, tryptophan hydroxylase. Similarly, we attempted to express the EGFP-Rabs by lentiviral transduction without success. Thus, we were not capable of confirming the data obtained in the neuronal cell line CAD in the primary serotonergic cultures. As described above, studies performed on DAT indicate that the sorting pattern observed in neuronal cell lines is representative of the sorting pattern of endogenous DAT in dopaminergic cultures. Nevertheless, we should note that a study by Sorkin and co-workers (47) revealed that DAT might be sorted differentially in axonal or somatodendritic parts of the dopaminergic neurons, thus emphasizing the importance of future studies of SERT trafficking in neuronal cultures.
In conclusion, we show that SERT is subject to marked constitutive internalization. In addition, we show that upon internalization, SERT is sorted primarily to late endosomes and lysosomal compartments indicating that internalized SERT is destined for degradation rather than stored in recycling endosomes. It remains to be determined how postendocytic sorting affects SERT distribution and plasma membrane availability in neurons and, ultimately, how it affects serotonergic neurotransmission.
